Developmental and epileptic encephalopathies are characterized by infantile seizures and psychomotor delay. Glycosylphosphatidylinositol biosynthesis defects, resulting in impaired tethering of various proteins to the cell surface, represent the underlying pathology in some patients. One of the genes involved, PIGP, has recently been associated with infantile seizures and developmental delay in two siblings. Here, we report the second family with a markedly overlapping phenotype due to a homozygous frameshift mutation (c.456delA; p.Glu153Asnfs*34) in PIGP. Flow cytometry of patient granulocytes confirmed reduced expression of glycosylphosphatidylinositol-anchored proteins as functional consequence. Our findings corroborate PIGP as a monogenic disease gene for developmental and epileptic encephalopathy.
Introduction
The developmental and epileptic encephalopathies (DEE) represent a clinically and genetically heterogeneous group of disorders characterized by infantile-onset seizures and subsequent psychomotor delay. In the era of next-generation sequencing technology, the underlying genetic defects are now being identified at a constantly growing rate. [1] [2] [3] While most cases are caused by heterozygous de novo mutations, the recessively inherited glycosylphosphatidylinositol (GPI) biosynthesis defects (GPIBDs) constitute a subgroup that may present as DEE. The responsible genes encode various proteins involved in the biosynthesis of GPI anchors that tether about 150 different proteins to the plasma membrane. Thus, GPI anchors have secondary structural and catalytical functions with a crucial role in brain development. 4 To date, 18 of the 30 genes involved in GPI anchor biosynthesis have been associated with human diseases. The phenotypic spectrum of GPIBDs usually comprises seizures, developmental delay, facial dysmorphism and brain malformations, to name but a few. [5] [6] [7] [8] [9] Most recently, two siblings with DEE carrying biallelic variants (c.74T>C;p.Met25Thr and c.456delA;p.Glu153Asnfs*34) in PIGP (MIM *605938), which is involved in the first step of GPI anchor synthesis, were described. The two affected siblings presented with early-infantile epilepsy, global developmental delay, and marked hypotonia. Functional studies using patient cells showed reduced mRNA levels and a defective protein supporting the pathogenicity of the variants. 10 These findings suggested PIGP as a candidate gene for DEE.
Herein, we provide a clinical, genetic, and functional characterization of the second family with the index patient being affected by PIGP-related DEE, hence establishing PIGP as a monogenic human disease gene. Our report also illustrates the major therapeutic challenges of this disease.
Patients and Methods

Probands and samples
The parents of the patient gave written informed consent for the collection and storage of clinical data, blood samples, experimental analyses, and publication. The study was conducted in agreement with the Declaration of Helsinki and approved by the local ethics committee (approval number: #4957).
Exome sequencing
After DNA was isolated from leukocytes, whole exome sequencing (WES) was done using SureSelect Human All Exon Kit 60 Mb, V6 (Agilent, Santa Clara, California, USA) for exome enrichment. Libraries were sequenced on an Illumina HiSeq4000 system (Illumina, San Diego, CA). 11 Reads were aligned to the UCSC human reference assembly (hg19). More than 98% of the exome were covered at least 20-fold. Average coverage was more than 143-fold. Variant prioritization was performed based on autosomal recessive (MAF <0.1%) and autosomal dominant (MAF <0.01%) filters. Pathogenic variants were confirmed using Sanger sequencing.
Flow cytometry
Flow cytometry of granulocytes (collected in BCT CytoChex tubes) was performed for the patient, both parents and one unrelated control to assess the functional consequences of the mutation. Erythrocytes were removed using hypoosmotic lysing buffer. The cells were washed and stained with fluorescently labeled antibodies against CD157, CD59 and with fluorescein-labeled proaerolysin (FLAER), which binds to the GPI anchor itself.
Results
Clinical findings
The female index patient was born as the first child of nonconsanguineous, healthy Polish parents. During pregnancy, reduced fetal movements were noted by the mother. The patient was born at term with a birth weight of 3010 g (25th percentile). Her body length was 50 cm (31st percentile) and her head circumference 35 cm (78th percentile). The Apgar score was 9/10/10. During the early postnatal period, the patient was asleep most of the time and markedly lethargic if awake. She did not eat at all during her first 2 days of life. Afterwards, breastfeeding was still not possible necessitating bottle feeding. The first apparent focal epileptic seizure was noted at the age of 7 months (gaze deviation to the left side), followed by status epilepticus shortly thereafter. EEG recordings showed frontal rhythmic delta activity with intermittent left temporal and parieto-occipital sharp waves (an example of an ictal EEG is depicted in Fig. 1 ). Brain MRI at age 3 months revealed symmetrical tract-like DWI (diffusion-weighted imaging) abnormalities within the brainstem and optic tract and laminar abnormalities in the left hippocampal head. Follow-up MRI at the age of 13 months demonstrated hippocampal volume asymmetry. Of note, the symmetrical alterations within the brainstem and optic tract were not visible anymore ( Fig. 1A-D) . Further diagnostic work-up including a screening for inborn errors of metabolism (e.g., amino acids in plasma, acylcarnitines, purines, and pyrimidines as well as organic acids in urine) was unremarkable. Serum and CSF (cerebrospinal fluid) lactate were within the normal ranges.
In spite of antiepileptic drug (AED) treatment with levetiracetam, focal seizures recurred at a frequency of ten to 20 episodes per day, partly evolving into focal status epilepticus. Various AED trials including valproic acid, clobazam, levetiracetam, brivaracetam, lacosamide, sulthiame, phenobarbital (used as monotherapy or in combination) as well as a ketogenic diet and steroid treatment did not result in a significant reduction in seizures. Ketosis was induced without complications (no hypoglycemia, no excessive ketosis) with beta-hydroxybutyrate levels between 2 and 3.5 mmol/L. At present, the child receives a combination therapy with phenobarbital, levetiracetam, and cannabidiol that stabilized the condition with three to five short-lasting seizures per day.
Aside from treatment-refractory epilepsy, the patient also suffers from global developmental delay and pronounced hypotonia, but no other systemic health issues were noted. Currently, at the age of 2 years and 4 months, she is still unable to speak and motor milestones such as sitting, crawling and conscious grasping have not been reached.
Molecular findings
An initially performed gene panel for epileptic encephalopathies (100 genes including PIGA, PIGG, PIGN, and PIGT) did not reveal an underlying pathogenic mutation.
Using WES, the frameshift variant c.456delA; p.Glu153Asnfs*34 (NM_153681.2) in PIGP was detected in a homozygous state in the affected individual and interpreted as potentially pathogenic due to its predicted loss-of-function character. The mutation was found six times in a heterozygous, but not in a homozygous state in the more than 16,000 exome datasets in our in-house database. The Genome Aggregation Database (gnomAD) lists nine heterozygous and also no homozygous carriers. In order to replicate our findings, we sought to identify further families with biallelic variants in PIGP using the web-based collaboration platform GeneMatcher. 12 However, our query did not identify additional cases.
Sanger sequencing confirmed the variant as well as a heterozygous carriership for both unaffected parents (Fig. 2A+B) . Exome data of the patient revealed only less than 7 Mb of homozygous regions, which confirms that the parents were not consanguineous suggesting a founder mutation.
Using flow cytometry of patient granulocytes, the expression of GPI-anchored proteins was markedly reduced, that is, by 39.5% for CD157, by 45.7% for CD59 and by 52.3% measured by FLAER when compared to the parents and one healthy control (Fig. 2C) .
Discussion
In this report, we describe the second independent family with the index patient being affected by early-onset epilepsy, developmental delay and hypotonia caused by a homozygous mutation in the gene PIGP. Using flow cytometry, we confirmed a functional effect of the predicted frameshift variant resulting in a reduced expression of GPI-anchored proteins, in keeping with a diagnosis of inherited GPIBD.
Functionally, PIGP is involved in the catalyzation of the first step of GPI anchor biosynthesis. 13 Although the mutation found in our patient is located at the very Cterminal part (in the final exon of all transcripts) of the gene, a compromised protein function had already been shown. 10 From a clinical point of view, the phenotype of our proband markedly overlaps with the two previously reported patients with intractable infantile epilepsy, developmental delay, and hypotonia being the leading features. In addition, the key clinical picture is widely reminiscent of related conditions caused by mutations in genes that act in complex with PIGP, that is, PIGA, PIGC, PIGH, PIGQ, and PIGY. [5] [6] [7] [14] [15] [16] However, there appears to be a certain phenotypic range for PIGPrelated disease, even with intrafamilial variability (Table 1) . 10 This suggests additional (genetic and environmental) modifying factors that influence the exact clinical presentation.
In view of the clinical data so far available for PIGPrelated disease, treatment-refractory epilepsy apparently constitutes a major clinical challenge. However, the exact pathophysiological mechanism underlying seizures in GPIBDs is complex and still poorly understood. GPIanchored proteins are functionally involved in neuron maturation, vesicle trafficking and signal transduction. 4 Presumably, a combination of the functional consequences eventually leads to an increased seizure susceptibility. Some reports on GPIBDs specifically indicate a variety of structural abnormalities (e.g., dysplasia of the corpus callosum, cerebellar hypoplasia). 9 In other articles, abnormalities such as generalized brain or cerebellar atrophy only developed during the course of the disease. 17, 18 This is in line with the rather nonspecific abnormalities observed in our patient.
Besides the aforementioned therapeutic challenges, PIGP-related disease is also extremely difficult to diagnose given the current diagnostic standards. When reviewing constantly updated offers of commercial gene panel providers, PIGP is still absent from comprehensive epilepsy panels (genedx.com -127 genes, blueprintgenetics.com -283 genes, fulgentgenetics.com -397 genes). Furthermore, the Online Mendelian Inheritance in Man (OMIM) database currently lists PIGP only as a provisional disease gene (?Epileptic encephalopathy, early infantile, 55, MIM#617599). As exemplified by the child reported here, disease-causing mutations might therefore only be detected by an unbiased genomic approach thus far. Taken all this together, our report confirms PIGP as a monogenic human disease gene. In view of the findings above, we propose that PIGP should be included in the routine genetic testing of individuals with infantile-onset epilepsy and developmental delay.
